Motivated by the potentially high downlink traffic demands of commuters in future autonomous vehicles, we study a network architecture where vehicles use Vehicle-to-Vehicle (V2V) links to form relay network clusters, which in turn use Vehicleto-Infrastructure (V2I) links to connect to one or more Road Side Units (RSUs). Such cluster-based multihoming offers improved performance, e.g., in coverage and per user shared rate, but depends on the penetration of V2V-V2I capable vehicles and possible blockage, by legacy vehicles, of line of sight based V2V links, such as those based on millimeter-wave and visible light technologies. This paper provides a performance analysis of a typical vehicle's connectivity and throughput on a highway in the free-flow regime, exploring its dependence on vehicle density, sensitivity to blockages, number of lanes and heterogeneity across lanes. The results show that, even with moderate vehicle densities and penetration of V2V-V2I capable vehicles, such architectures can achieve substantial improvements in connectivity and reduction in per-user rate variability as compared to V2I based networks. The typical vehicle's performance is also shown to improve considerably in the multilane highway setting as compared to a single lane road. This paper also sheds light on how the network performance is affected when vehicles can control their relative positions, by characterizing the connectivitythroughput tradeoff faced by the clusters of vehicles. Index Terms-Vehicular Networks, Vehicle-to-Vehicle, Vehicleto-Infrastructure, Clustering, Multihoming, Multilane model arXiv:2002.06481v1 [eess.SY]
I. INTRODUCTION
The automotive industry is undergoing several disruptive changes that are likely to have a significant impact on future wireless networks. These include: (1) the emergence and increased use of ride sharing fleets; (2) the expected development and adoption of driverless car technologies which may require robust V2V and V2I connectivity; and (3) the large volumes of wireless traffic generated by commuters free to work/play while on the road. This paper embraces these changes by focusing on opportunities to leverage V2V-V2I capable fleets to deliver improved connectivity to vehicles and offload traffic from the traditional cellular infrastructure. In particular we consider a network architecture wherein V2V-V2I capable vehicles form relay network clusters which in turn use V2I links to connect to possibly several Road Side Units (RSUs), leveraging multihomed connectivity. The central goal of this paper is to model and study the performance and tradeoffs afforded by such vehicular wireless network architectures and their ability to address the potentially substantial traffic demands placed by future intelligent transportation network and future commuters in driverless vehicles.
Related work. There has recently been substantial interest in enabling V2V connectivity driven in part by the desire to improve safety, collaborative sensing and driving [1] . Current Dedicated Short-Range Communications (DSRC) standards for V2V relaying are mature [2] , [3] , [4] , but in general fall short at high vehicle densities or in highly dynamic environments [5] , [6] , [7] . DSRC also supports V2I connectivity but only to nearby Road Side Units (RSUs) whence their placement is critical [8] , [9] , [10] . New alternatives based on millimeter-wave (mmWave) and Visible Light Communication (VLC) physical layers that can deliver higher capacity, e.g., 1-10 Gbps, are being currently explored [5] , [6] , [11] . While these provide substantial improvements in capacity, they typically require Line of Sight (LoS) based connectivity. The network architecture studied in this paper also provides a partial solution to overcome LoS blockages through the diversity provided by multihomed multilane V2Vbased vehicle clusters, making the network more robust to V2V and V2I blocking. This paper targets a deeper performance study of a network architecture leveraging RSUs and V2V clustering. In the past, several works have analyzed such networks, characterizing the user association expected delays [12] , [13] , throughput [14] , [15] , connectivity [16] , [17] , [18] , [19] , re-healing connection time [20] , [21] and percolation (full-connectivity) probability [19] , among others.
Our work builds up on models and results presented in these studies, but includes several novel aspects that were not tackled in the mentioned papers.
Contributions. This paper examines a model capturing the salient features of a vehicular-based wireless network, and expands previous work along several key directions. Our primary goal is to characterize the ability of such networks to deliver high capacity data rates to vehicles reliably.
First, we consider the role of V2V cluster RSU multihoming, i.e., the potential benefits of enabling V2V clusters to connect to multiple RSUs at the same time, in terms of improved connectivity and reliability, as well as reduced variability in users' shared rate.
Second, we provide an analytical framework to evaluate the network performance which not only accounts for the role of multihoming, but also captures the impact of V2V blockages and market penetration of V2V and V2I capable vehicles. We evaluate the sensitivity of a typical vehicle performance to market penetration.
Third, our evaluation of such vehicle-based networks sug- gests that even with a moderate penetration of V2V-V2I capable vehicles one can achieve improved connectivity and stability in per-user shared rate. For instance, users see a reduced variability in their rate and users in large stable clusters remain connected for large periods of time. Indeed, at high vehicle densities, one can expect almost deterministic user perceived performance. Comparisons with simple V2I networks which do not leverage V2V relaying are used to quantify the gains of the cluster-based architecture. Fourth, we propose a novel framework to study a typical vehicle's performance on multilane highway systems. This analysis provides key insights regarding the generalization of the single-lane results derived in the paper, as well as the performance of various traffic patterns such as vehicle intensity heterogeneity across the highway lanes, or lanes restricted to V2V-capable vehicles.
Fifth, we validate the model's underlying assumptions and analyze the multilane highway performance based on additional system level simulation results of realistic traffic flows on roads, and revisit the assumptions to understand how idealized control of the vehicle distribution could lead to improved performance. The analysis of this best case scenario naturally leads to the introduction of a throughput-connectivity tradeoff.
Overall, these results show that such a network could provide a reliable means to offload substantial traffic from the cellular infrastructure to vehicles, particularly when the vehicle density is high, i.e., when such assistance is most needed.
Paper organization. The paper is organized as follows. Section II presents a single lane model for a V2V+V2I based wireless network architecture. Section III develops an analytical characterization of the statistics of typical V2V clusters, e.g., the distributions of the number of vehicles, length and number of connected RSUs as a function of system parameters including the penetration of V2V-V2I capable vehicles. Section IV, provides a performance analysis of the coverage probability, shared rate and service redundancy as seen by a typical vehicle, and comparisons with those achieved by a V2I network. Section V provides an extension to multilane highways to assess the impact of non-homogeneities in lane traffic. We evaluate the performance of such systems in Section VI and discuss the results sensitivity to the vehicle distribution assumption in Section VII. Finally, we present conclusions in Section VIII.
II. V2V+V2I NETWORK MODEL
We first consider a model for an infinite straight single lane road as in [19] . The model corresponds to a snapshot of a collection of vehicles along the road, whose locations follow a Poisson Point Process (PPP) Φ v with intensity λ v (vehicles/meter). The validity of the Poisson model has been discussed in empirical studies such as [20] , [22] showing that such a model remains appropriate in settings under the so-called free-flow traffic conditions. We model the market penetration of V2V+V2I enabled vehicles on the road as a randomly chosen fraction γ of vehicles. Thus a fraction (1−γ) are legacy vehicles without communication capabilities which may block LoS communications among V2V capable vehicles. Furthermore, it follows that the locations of V2V capable vehicles follow a PPP with intensity γλ v , and those of legacy vehicles a PPP with rate (1 − γ)λ v . We will use the term full market penetration to denote γ = 1.
Finally, RSUs are equally spaced each λ −1 r meters along the road. RSUs are wired to the Internet infrastructure to provide mapping data, infotainment and cloud computing services and may also relay messages to other clusters/vehicles. A depiction of the geometry of the network is displayed in Figure 1 .
Connectivity: We model the vehicle connectivity based on the three assumptions listed below. Assumption 1. We assume a unit disk connection model for V2V and V2I links.
More specifically, a link is established if the destination vehicle is within a communication range of radius d meters of the transmitter (vehicle or RSU), as in [13] , [23] , and the LoS between their antennas is not obstructed, e.g., by another vehicle. We assume that the LoS between RSUs and clusterhead vehicles is never obstructed, e.g., by having RSUs above the road as illustrated in Figure 1 .
Assumption 2. We assume that d < λ −1 r /2. Indeed, the communication range d would typically be on the order of 10-200 meters, while RSUs might be deployed at a distance λ −1 r on the order of a few kilometers apart. Assumption 3. We assume V2V links to have very high capacity, exceeding the maximum RSU capacity ρ RSU .
Those links can be for instance based on mmWave or VLC technologies [24] , [5] , [6] , while the V2I links have maximum capacity of ρ RSU . Thus, for simplicity, V2V links are not a bottleneck in this system. One possible scenario that can be envisaged is using VLC technology, known for its considerable bandwidth [11] for LoS V2V links, while cellular (potentially mmWave based) links are used for V2I. Another scenario would be that both V2V and V2I links run on the same technology, but on orthogonal channels, and where the V2V channels can be designed to be of larger bandwidth than the V2I ones. Some other multi-RAT network design considerations to avoid throughput bottlenecks are presented in [25] .
The above assumptions capture the salient features of V2V+V2I networks, allowing us to explore their fundamental characteristics of possible deployments.
In this work, we focus on analyzing the downlink performance of this network architecture.
Sharing / Scheduling: V2V capable vehicles within communication range can form V2V relaying clusters. In this paper, we assume RSU multihoming, i.e., a cluster can connect to multiple RSUs in its range, as illustrated in Figure 1 . This enables the vehicles to see (i) improved performance, i.e., connectivity and reduced variability, by sharing the capacity of multiple RSUs and (ii) improved reliability through infrastructure redundancy in the case of link failures. In this work, for simplicity and given Assumption 3, we will use a maxmin fair resource allocation among the vehicles and clusters; where a resource allocation is said to be max-min fair if it is only possible to increase the resources assigned to a vehicle by decreasing the rates of vehicles which have lower rates [26] . We study the downlink shared rate seen by vehicles assuming the V2V-V2I capable vehicles are always active, i.e., full buffer traffic.
Benchmark system: We compare the described V2V+V2I multihoming architecture with the same V2I network but without V2V relaying, i.e., where vehicles do not relay data to form V2V relaying clusters and are only be connected to the infrastructure if they are within range of an RSU.
III. V2V CLUSTER CHARACTERIZATION
Definition 1. (Vehicle Relay cluster) A V2V relay cluster is a group of vehicles that can inter-communicate without the network infrastructure, i.e., each vehicle has a direct connectivity link with at least one other vehicle in its cluster.
A typical cluster is characterized by (N, L, M ), where N and L are random variables denoting the number of vehicles and communication range (length) of the cluster, respectively; and M denotes the number of RSUs that the cluster is connected to, see Figure 1 . The performance analysis will be based on characterizing the joint distribution of N, L and M.
For readability purposes, the proofs of all theoretical results have been relegated to the Appendix. (Cluster communication length) The typical cluster length L distribution can be obtained by the inverse Laplace transform L −1 (·) as follows:
; and the conditional distribution of L given N = n is given by
For the case of full market penetration, the cluster length L distribution is:
(Number of connected RSUs) The conditional CDF of the number of RSUs M serving a cluster of length L is given by
and the conditional CDF of the number of RSUs that serve a cluster with N = n vehicles is:
Finally, the CDF of M is given by:
IV. PERFORMANCE ANALYSIS
In this section, we analyze the performance of V2V+V2I multihoming networks and compare it to the V2I only network architecture. We distinguish performance metrics corresponding to the V2I networks via variables with an asterisk superscript, i.e., R v and R * v will denote the rate of a typical vehicle in the V2V+V2I and the V2I only networks respectively. Also, we will evaluate the performance seen by a typical vehicle, indicating the related metrics by a subscript v.
A. Typical Vehicle Coverage Probability
In this section, we shall refer to the coverage probability as the probability that a typical vehicle is connected to one or more RSUs, either directly or through V2V relaying. Clearly the benefit of the V2V+V2I network is that it allows vehicles to relay messages from RSUs, increasing the coverage probability. We let π v denote the probability that a typical vehicle is connected (possible through relaying) to the infrastructure. Specifically, note that the typical vehicle coverage probability for the benchmark V2I network is independent of the traffic intensity. By contrast, in the V2V+V2I network, higher traffic intensities lead to longer and bigger clusters, increasing the typical vehicle coverage probability. The following result addresses the coverage probability for both networks assuming
The coverage probability of a typical vehicle in the V2V+V2I network is given by:
where F c M |N (0 | n) is the probability that a cluster is connected to at least 1 RSU given N = n, given in Lemma 1.
The coverage probability of a typical vehicle in a V2I network is independent of λ v and given by:
Numerical evaluations of (2) and (3) are displayed in Figure  2 (left). As expected, the coverage probability is always greater for V2V+V2I and increases rapidly to 1 with the traffic load intensity λ v on the road. Figure 3 exhibits the coverage probability for V2V+V2I as a function of the penetration γ; it shows that the sensitivity of the coverage to the traffic intensity is higher at higher γ, e.g., for γ = 0.9 where the coverage probability attains a maximum for λ v ≈ 25 vehicles/km and varies notably with λ v . Indeed, increasing λ v increases the effect of the blocking vehicles, reaching a regime where long clusters are not possible and where π v is independent of λ v , consistently with (3). Therefore, if γ < 1, π v eventually decreases and converges back to the value presented in (3).
B. Typical Vehicle Shared Rate
The shared rate seen by a typical vehicle is defined as its allocations of the multihomed RSU capacity of its cluster under max-min fair sharing and denoted by the random variable R v . The shared rate, for both networks, i.e., V2V+V2I and V2I, thus depends on λ v , γ, d, ρ RSU and λ −1 r . Theorem 1. (Expected shared rate) The mean shared rate of a typical vehicle in the V2V+V2I and the V2I networks are equal, i.e., E[R v ] = E[R * v ] and given by:
where E[M ] and E[N ] can be computed using Lemma 1. Note that the mean rate for both architectures are equal because the number of busy RSUs is the same, independently of the underlying V2V connectivity. Assuming all vehicles are infinitely backlogged the overall downlink rate is the same and thus so is the mean rate per vehicle. Although V2V relaying collaboration does not alter the mean shared rate seen by vehicles, see Figure 2 (center); it significantly impacts the coverage probability and the shared rate distribution.
and P (R v = 0) = 1 − π v while that in the V2I network is given by
where Q is the regularized gamma function and P (R *
Numerical evaluations of (5) and (6) are shown in Figure 4 and the resulting variability in Figure 5 . These demonstrate the superiority of the V2V+V2I network architecture in terms of providing, not only improved connectivity, but also a substantial decrease in the shared rate variability of a typical user. Note that in Figure 5 we have plotted the dispersion of the per-user shared rate, defined as σ/µ, i.e., the standarddeviation over the mean of the per user shared rate. In addition, we have displayed the lower bound on the dispersion for the non-V2V scenario, given by the dispersion as λ v → ∞. It can be observed that the rate dispersion converges to 0 for the V2V+V2I network. By contrast, in the V2I network the dispersion of the shared rate is bounded below. These results show that the V2V+V2I network at reasonably high vehicle 1 The definition for icx dominance is found in Definition 4 in the appendix density will provide them with an increasingly stable and almost deterministic shared rate to vehicles.
C. Multihoming Redundancy
RSU multihoming provides connection redundancy to a cluster. This redundancy in principle improves the reliability of vehicle connectivity in presence of unreliable/obstructed V2I links. The following result follows immediately from (4) in Theorem 1. 
which for full market penetration corresponds to
As can be observed from this equation, E[M ] i.e., the expected number of RSUs that the cluster of a typical vehicle is connected to grows rapidly with the traffic intensity λ v and the vehicle communication range d. A similar trend is observed in Figure 2 (right) where we have plotted E[M v ], the mean number of RSUs a typical vehicle would see its cluster connected to. We see a rapid increase in the expected number of RSUs as λ v increases. These results confirm an exponential growth of redundancy suggesting possibly substantial improvements in reliability of multihomed systems.
The benefit of the redundancy is also reflected in Figure 6 which exhibits the probability that a typical vehicle benefits from multihoming as the vehicle intensity increases. This probability reaches values very close to 1 under heavy and congested traffic conditions, for the given values of λ −1 r , providing evidence of the potential for higher reliability through multihoming. 
From this definition, it follows that the worst case number of lanes where vehicles might be located and might block a LoS link is k * = max(1, η − 2).
For a typical vehicle in a multilane highway M, we define the number of vehicles, length and number of multihomed RSUs to its cluster as
for a single lane road S. We will also define (π M v , R M v ) and (π S v , R S v ) as the coverage probability and shared rate of a typical vehicle in multi and single lane highways.
Theorem 3. For a given multilane highway M = (η, λ V2V , λ b ) let S = (1, γλ, λ b eff ) be an associated single lane highway system where:
Then, it follows that 2 :
In other words, the multilane highway has larger cluster statistics, better coverage and decreased variability relative to the associated single lane highway.
A high level illustration of our approach is depicted in Figure 7 and a sketch of the proof is provided in the appendix. The single lane performance can in turn be obtained by using the result in the previous sections.
VI. MULTILANE PERFORMANCE EVALUATION
In this section, we further assess the performance of the proposed V2V+V2I network architecture via simulations. This will enable us to infer useful design and deployment strategies for the proposed collaborative technology in future vehicles and highways. The communication range d is set to be 150 meters and the inter-RSU distance λ −1 r is fixed at 1 Km, unless otherwise specified. Table I shows typical values for different parameters that were used in the simulations. For our figures, we have obtained 95% confidence intervals achieving relative errors below 2% (not displayed). In order to capture the effect of the blocking vehicles in the multilane system, we modeled vehicles as having a length of 5 meters allowing overlapping of vehicles resulting from the Poisson assumption on their location distribution. [20] , [27] , [28] A. Homogeneous Multilane Highways Figure 8 illustrates the variation in the coverage probability π v as η increases, but the overall traffic intensity on the highway (λ v = 20 vehicles/Km) remains unaltered. This can be interpreted as the effect of increasing the vehicles' "degrees of freedom" to overcome blocking by legacy vehicles.
A first observation is that the marginal gain in performance is most considerable when increasing the number of lanes from 1 to 2, while further increments in the number of lanes result in smaller relative gains. An explanation of this effect is that vehicles in the V2V+V2I network will see on average twice fewer blockers when passing from η = 1 to 2; while the relative decrease in the average number of blockers is smaller for higher values of η. Note that increasing the "degrees of freedom" does not affect the performance of the system under full-market penetration as the same clusters will be formed for any value of η. From this result, one can infer that, as long as it is greater or equal than 2, the number of lanes of a highway, will not substantially affect the connectivity probability.
B. Heterogeneous Multilane Highways
Next, we further explore the impact of heterogeneous traffic intensity across lanes on the coverage probability π v . Note that such heterogeneity is typical in highways nowadays in a free-flow regime, since for instance a greater density of slower vehicles is seen in the right hand lanes. Figure 9(a) exhibits the effect of the vehicle distribution on a threelane highway. In this figure, each coordinate represents the proportion of vehicles driving on each lane, therefore all possible configurations lie on the simplex. We observe that the homogeneous configuration has the best performance as it offers the best balance between minimizing the effect of blockers on the same and across lanes. The results show that performance deteriorates slowly when moving away from the homogeneous configuration, only experiencing notable decreases when moving to extreme distributions, e.g., all users are concentrated on one lane. In order to extrapolate these results to greater values of η we define five different types of heterogeneous lane intensity distributions:
• Homogeneous: all lanes have equal vehicle intensities, e.g. for η = 5, λ = λ v η · [ 1 5 , 1 5 , 1 5 , 1 5 , 1 5 ]. • V: traffic is symmetrically and gradually concentrated around the leftmost and rightmost lanes of the highway, such that the intensity is minimized in the middle and maximized in the first and last lanes, e.g. for η = 5, is evenly distributed across the η −1 remaining lanes, e.g. for η = 5, λ = λ v η · [ 9 10 , 1 40 , 1 40 , 1 40 , 1 40 ]. Figure 9 (b) confirms the trends exhibited in Figure 9 (a) as the number of lanes of the highway increases. The homogeneous distribution remains best as compared to the V, C, L and I configurations.
We note that unlike in Figure 8 , the total number of vehicles increases with η in the highway system.
An interesting insight which can be inferred from these results is the idea that congested highways (large λ v ) may have a better connectivity performance than free-flowing systems, as the intensity distribution is typically uniform across all the lanes in such cases.
C. V2V Segregation Impact
While manufacturers progressively release new vehicle models equipped with the V2V+V2I technology, we envision a transition period during which the roads will be shared among the new V2V-enabled and older legacy vehicles. In order to accelerate the integration and the spread of new automotive technologies, policies restricting specific lanes to driverless and V2V-enabled vehicles only might be put into place. This is akin to the current concept of high-occupancy vehicle lane. We analyze the effect on the coverage probability of reserving the first lane for V2V-enabled vehicles and we will define Figure 10 shows the effect of α on the network performance. We observe that for α large enough, segregation does indeed improve coverage, particularly at low market penetration levels, implying that such a policy would lead to improved connectivity in the early stages of the V2V capable vehicles deployment.
VII. REVISITING THE POISSON ASSUMPTION
In this section, we revisit one of the main assumptions of our network model, namely the Poisson distribution for cars on the highway. We study the validity of this assumption through realistic highway system simulations, before discussing the impact of different configurations on the network performance. Recall that as discussed in Section II, this assumption was validated in part for the free-flow setting in [20] , [22] .
A. Validity of the Poisson Assumption
We first explored the degree to which the PPP assumption might hold for a detailed simulation of vehicles on the road. The system-level simulator used is an enhanced version of the open-source automotive Intersection Management (AIM4) simulator [29] , that captures several features of real traffic patterns such as the vehicle dimensions, vehicle types, vehicle velocity, as well as realistic car-following and car-overtaking models. Figure 11 shows the distribution for the inter-vehicle distances obtained in the simulator. The simulated traffic leads indeed to a configuration where the inter-vehicular distance is exponentially distributed, characterizing a PPP. The cumulative distribution function of the uniform distribution is also shown for comparison. This property holds for λ v = 14 vehicles/km/lane, but can be generalized for any λ v small enough to remain in a free-flow regime, as well as any other number of lanes in the highway. Note that the results shown in Figure 11 correspond to the inter-arrival distances for the projection of cars in the three lanes onto the given axis, hence although vehicles cannot be closer than their dimension permits on a given lane in the simulator, the projection of the vehicles' centers on the three lanes can be arbitrarily close.
Therefore, we expect that the observations and conclusions drawn from Figures 2-6 in the single lane scenario to apply in the multilane configuration as well. Moreover, our analysis in Sections V and VI predicts improved performances compared to the single lane case. For instance, we expect a higher probability of connectivity, better redundancy, or improved per-user shared rate for instance, due to the fact that clusters can be larger in size and that blocking vehicles have a less severe impact on the others.
B. Insight on Alternative Distributions
Although the PPP assumption will be a good fit in certain regimes, it will still fail for others that may arise in the future, e.g., where cars may intentionally form platoons to increase highway throughput. To better understand how such patterns might affect connectivity, in this section we ask the question "What is the best possible configuration of cars, i.e., resulting in the best connectivity metrics?". We shall focus on two performance metrics: coverage π v and mean rate per user. Two regimes can be distinguished. The first one corresponds to situations where λ v ≥ 1/d, i.e. where the vehicle density is large enough so that vehicles can be separated by 1/d meters. In such a scenario, vehicles would form a single infinite cluster leading to π v = 1 and maximum mean rate per user since all the RSUs are in use. The other regime of interest is where λ v < 1/d. Consider first a configuration where all the clusters in the network are of same size. Then spacing the vehicles by d within the cluster would ensure maximal cluster length, and hence maximal π v and E[R v ] as this would maximize the "space covered" by clusters and thus the RSU busy time. Similarly, spacing vehicles in adjacent clusters by 2d would also maximize E[R v ], without affecting the coverage. Following these two rules, we derive expressions for π v and u, the average RSU utilization capturing the same information as E[R v ]. For a fixed cluster size n:
Clearly, as n increases, π v (n) increases while u(n) decreases. We exhibit that trend through a tradeoff curve between coverage and throughput as a function of n in Figure 12 : Figure 12 exhibits the tradeoff between connectivity and throughput. In a low density regime, vehicles form longer clusters but cover less area as the cluster size n increases, improving the connectivity but reducing the average RSU utilization, and hence the mean rate per user. We note that when the vehicle density λ v is large enough, the tradeoff does not occur as vehicles can get full connectivity and maximum mean rate per user. In scenarios where cluster size mixing is allowed, cluster can see an even better performance, Small n (n=1) Fig. 12 : Tradeoff curve between connectivity π v and RSU utilization u, for different λ v (in vehicles/km), and the achievable performance by mixing cluster sizes.
represented by a straight line between any two points on the tradeoff curves. We note that the best mixing possible is combinations of clusters of size 1, i.e. isolated vehicles, and clusters of size n = 1 dλr +1 . The tradeoff curves associated with such mixings are drawn as dashed lines on Figure 12 . Intuitively, clusters of size 1 help to maximize the total area covered by the clusters, while the largest clusters increase the connectivity probability of a typical vehicle. Different combinations of those two cluster sizes can be constituted to reach any specific connectivity or throughput target.
VIII. CONCLUSION
In this work we have analyzed the performance of a multihomed V2V+V2I architecture. Our main conclusion is that V2V relay clusters along with RSU multi-homing improves significantly the typical vehicle coverage probability and reliability, while reducing the variability of the shared rate per user when compared to a traditional V2I architecture. These properties position this architecture as a critical enabler for Internet connectivity services in future vehicular networks. We also conclude that the V2V technology penetration level is critical in the system performance given that many legacy vehicles will obstruct the LoS and prevent some vehicles to communicate. These difficulties may be mitigated if dedicated lanes are used by new vehicles that are V2V+V2I capable, particularly at low penetration levels. Moreover, we proposed a new mechanism to bound the performance of multi-lane highways by equivalent single lane highways, and our simulation results highlight a robustness of performance to heterogeneous vehicle distributions across lanes. Finally, we described how the results presented throughout the paper would change if one could control the relative positions of the vehicles on the road, e.g., when autonomous vehicles form platoons, and how the connectivity-throughput tradeoff can be formally characterized in such scenarios.
APPENDIX DEFINITIONS AND PROOFS
Definition 4. (Stochastic Dominance) As in [30] , we define stochastic dominance as
and increasing convex dominance
where F is the set of increasingly convex functions for which the expected value is defined. Note further that if X ≤ icx Y and E[X] = E[Y ] then X ≤ cx Y for convex functions, e.g., Var(X) ≤ Var(Y ).
Proof. (Lemma 1)
We denote as ϕ the probability of not having any V2V capable vehicle in the communication range d ahead of a typical vehicle. From the Poisson assumption, the distance between vehicles follows an exponential distribution denoted by a random variable E ∼ exp(λ v ). The probability of having one or more vehicles within the communication range d of a participant is then:
Since the market penetration is considered independent of the interarrival time, the probability of the next car being a V2V+V2I capable vehicle within the communication range d is given by γ(1 − e −λvd ), thus ϕ = 1 − γ(1 − e −λvd ). Now since the number of users in a cluster is determined by the number of the successive V2V capable vehicles in range of each other, p N (n) = ϕ (1 − ϕ) n−1 , i.e., N is a geometric random variable with parameter ϕ, and mean E[N ] = 1/ϕ. From the analysis in [20] , it is well known that the average cluster communication range is E[L] = λ v −1 · e λvd − λ v d − 1 (defined as distance between the first and the last vehicle plus 2 times the communication range). However, the density function of the length has been only evaluated via simulations [31] . The length of the cluster, given that there are N vehicles, corresponds to L = 2d +
where T i denotes the inter-spacing of V2V capable vehicles in the same cluster. Note that the distribution of T i is that of an exponential conditioned on being smaller than d, thus
The moment generating function for T i is thus
and consequently the conditional moment generating function of the length of a cluster, given its number of vehicles, denoted as M L|N =n (s) is given by:
Given the conditional distribution, we can compute the moment generating function of L via:
.
For the case of full market penetration, this simplifies to:
The distributions f L (l) and f L|N (l) can be then obtained by the inverse Laplace transform of M L (−s) and M L|N =n (−s), respectively. The conditional CDF of the number of RSUs M serving a cluster of length L is given by
since the cluster process is stationary on the line and independent of the RSU locations. Given N it is direct to see, applying the chain rule that:
where F c (·) stands for the complementary CDF. Substituting the distributions obtained above, the simplified expression is given by (1) .
Proof. (Lemma 2)
In order to derive an expression for the probability of coverage of a typical vehicle π v ; we will first relate the number of vehicles as seen in a typical cluster N to that seen by a typical vehicle in its cluster N v :
, represents the probability for a typical vehicle to be in a cluster of size n, where the n E[N ] biases the distribution of N as a typical vehicle is more likely to belong to larger clusters. Therefore
In the case with networks with only V2I links enabled, the probability that a typical vehicle is connected corresponds to the probability that the vehicle lands in the fraction of the road covered by RSUs given by:
Proof. (Theorem 1) Under our sharing model, vehicles in a typical cluster with (N, M ) users and RSU connections will see a shared rate no larger than ρ RSU M N . This is exact if the cluster does not share any of the RSUs with another cluster; otherwise this is an upper bound. Note that an RSU can be shared by two clusters, each approaching from one side, and both not close enough to form one larger cluster. The mean rate seen by a typical vehicle R v is then bounded by:
where once again we have moved from the typical cluster shared rate to the typical vehicle shared rate by weighting by
In the case of the V2I network, the rate seen by a typical vehicle is given by:
where I * v denotes the event of probability π * v that a vehicle is connected, and N * denotes the number of (other) vehicles that a typical connected vehicle would see sharing its RSU. Note that the distribution of N * , i.e., the reduced Palm distribution of the Poisson, is equal to its original distribution (Poisson (2dγλ v )), given the Slivnyak's Theorem [32] . Therefore E Finally, by coupling the vehicle locations for the V2V+V2I network and V2I network without relaying it is easy to observe that the number of busy RSUs is the same, so the mean rate seen by a typical vehicle in this two settings is the same, i.e.,
Proof. (Theorem 2) Paralleling Theorem 1, an upper bound on the complementary CDF of the shared rate a typical vehicle sees in the V2V+V2I architecture, for r > 0 is given by:
where F c (·) stands for the complementary CDF. Therefore, Equation (5) holds and P (R v = 0) = 1 − π v . Similarly the complementary CDF for the shared rate for a typical vehicle in the V2I network, for r > 0 is
where Q(.) is the regularized gamma function. Consequently, Equation (6) holds and P (R * v = 0) = 1 − π * v . In order to prove the increasing convex dominance relation, we can use a coupling argument. We generate a single lane highway instance. It is clear that, for this instance, the number of vehicles and the total rate out of the network is the same, but the clusters are bigger in the V2V+V2I system (since the V2I only system only have clusters of one vehicle). It is proven in [33] that a max-min fairness allocation achieves the lexicographically minimum vector, i.e., for a max-min share rate allocationR and any other shared rate allocation R then R is majorized by R [34] and further impliesR ≤ icx R. The proof is then completed by noticing that the max-min shared rate allocation of the V2I system R * is a feasible rate allocation in the V2V+V2I system, so R ≤ icx R * .
Proof. (Theorem 3)
The proof relies on constructing a coupling between a random process ξ M denoting vehicle locations on a multilane highway M and an auxiliary process ξ S denoting their locations on a single lane highway S.
Let (T i , K i ) i∈N denote the sequence of locations of V2V+V2I capable vehicles on M, where T i denotes the location of the i th vehicle and K i its associated lane. We define the aggregated V2V+V2I capable vehicle intensity on highway M as λ V2V , and their intensity on lane k as λ V2V k . Note that under our Poisson assumption (T i ) i∈N is a PPP(λ V2V ) and
. . , η , ∀i ∈ N since aggregation of independent PPPs is also a PPP. The first step of the coupled single-lane highway S construction consists in including V2V+V2I capable vehicles at locations (T i ) i∈N in the auxiliary process ξ S .
Let us now consider the blocking vehicles in the multilane highway M. These vehicles also correspond to PPPs of intensity λ b k on each lane k and independent of (T i , K i ) i∈N . For a given realization (t i , k i ) i∈N let B ki (t i , t i+1 ] denote a set of locations of blocking vehicles on lane k in the time interval (t i , t i+1 ] in the multilane highway. Note that B ki (t i , t i+1 ] for any i are mutually independent by the definition of PPP.
We shall let B(t i , t i+1 ] denote blocking vehicles' locations that the process M will share with S. Specifically, according to the blocking model in Definition 3 we let
. Note that in each interval (t i , t i+1 ], B(t i , t i+1 ] are Poisson process independent but with different intensities depending on k i and k i+1 . Note also that given our blocking model B(·, ·] includes all vehicles that may block connectivity of V2V+V2I capable cars in M. Figure 13 shows examples of configurations and their associated B(., .]. Finally, for each i ∈ N we define
where A(t i , t i+1 ] is an independent PPP on (t i , t i+1 ] with intensity needed to ensure that the overall intensity is equalized in all intervals; ensuring that B S (t i , t i+1 ] is a PPP with intensity λ b eff . We shall introduce B S (t i , t i+1 ] i∈N in each of the intervals in the process ξ S .
At this point, it is worth noting that given our construction, This implies the following fact. 
Note that by ergodicity of the cluster process, P (N M v > n) and P (N S v > n) correspond to:
where N M i is the number of vehicles in the i th cluster in the multilane and Y i is the number of subclusters in the single lane originated from the i th cluster in the multilane. N S i,j denotes the number of vehicles in the jth subcluster in the single lane process.
By noting that the clusters in S are created by splitting the clusters of M, we can see that N S i,j , we have that
are direct implications of Eq. (12) . Additionally it also has the implication that, within a cluster, if we denote as π v,i the probability that a typical vehicle in cluster ith is connected then π M v,i ≥ π S v,i,j .
Noting that N M i = Yi j=1 N S i,j and observing that the expected shared rate per vehicle is equal in both systems we can directly infer the R M v ≤ icx R S v . It is proven in [33] that a max-min fairness allocation achieves the lexicographically minimum vector, i.e., for a max-min share rate allocationR and any other shared rate allocation R thenR is majorized by R [34] and further impliesR ≤ icx R. The max-min shared rate allocation of the single lane system R S is always a feasible rate allocation in the multilane system; since the single lane system has the same number of vehicles and the same mean rate, but the ability for the vehicles to reach the RSUs is reduced and we have that
